Introduction {#S1}
============

The (phosphatase and tensin homolog) *PTEN* gene is located at chromosome 10q23.31. The PTEN protein plays a crucial role in the control of the PI3K -AKT pathway through dephosphorylation of PIP3 at the cell membrane. Absence of functional PTEN protein leads to unopposed action of PI3K with resultant uncontrolled PIP3 production. One major effector of the PI3K -AKT pathway is mTOR, which stimulates protein synthesis, initiates entry into G1 phase of the cell cycle and interacts with proteins that regulate apoptosis ([@R1]). Loss of PTEN function has been implicated in the pathogenesis of a number of different tumors, particularly endometrial cancer. Functional PTEN loss can result from somatic mutations, abnormalities in *PTEN* transcriptional and post-transcriptional regulation, microRNAs, regulation of microRNAs by a PTEN pseudogene, or regulation of PTEN protein stability and degradation mechanisms ([@R2]). Somatic *PTEN* mutations have been detected in 34--55% of endometrial cancers ([@R3], [@R4]), particularly in the endometrioid histotype.

Accurate identification of functional PTEN loss is an integral part of a comprehensive evaluation of tumors with potential abnormalities in the PI3K -AKT pathway, particularly as targeted therapeutics against the pathway are entering trials and the clinic. Studies have shown that different types of PIK3CA (the catalytic subunit of PI3K) isoform derangements are required in combination with PTEN abnormalities to achieve upregulation of the PI3K -AKT pathway ([@R5], [@R6]). Even in tumors in which this pathway may not be the primary driver of cell proliferation, the PI3K -AKT pathway has been shown to be activated in a compensatory fashion in the setting of treatment with anti-receptor tyrosine kinase agents ([@R2]), prompting the need for therapies that target more than one signal transduction pathway. Currently, numerous clinical trials with PI3K, AKT and mTOR inhibitors are underway (<http://www.ClinicalTrials.gov>), several specifically involving endometrial cancer ([@R7]).

Previously reported *PTEN* gene sequence abnormalities are highly variable in type (frameshifts, point mutations) and can occur throughout all 9 exons ([@R3], [@R4], [@R8]). Therefore, to date, Sanger sequencing has been considered to be the gold standard for detection of *PTEN* mutations and subsequent loss of PTEN protein function. From a clinical perspective, the problems with this sequencing approach include high cost, labor-intensiveness, and failure to identify PTEN protein loss via epigenetic mechanisms. Alternative methods, such as immunohistochemistry, may be the preferred method of assessing functional PTEN loss in patient tumors. However, until recently, PTEN immunohistochemistry has been considered somewhat unreliable. In a tissue microarray study of four different antibodies ([@R9]), only results using antibody 6H2.1 have been shown to have a statistically significant correlation with pAKT (activated form of AKT). Stemming from historical difficulties in PTEN antibody performance, there has been no uniform scoring system for PTEN immunohistochemistry. Furthermore, direct head-to-head comparisons of PTEN immunohistochemistry and *PTEN* sequence analysis to date have been very limited. In one study of endometrial tumors, PTEN immunohistochemistry and *PTEN* sequence analysis were carried out, but each technique was applied to a different set of tumors ([@R10]). Another study of histologically normal endometrium has shown that normal endometrial glands with loss of PTEN protein expression by immunohistochemistry do have *PTEN* mutations ([@R11]).

The objective of our study was to perform a direct comparison of PTEN immunohistochemistry and *PTEN* gene sequencing on a large group of endometrial carcinomas to determine which method is clinically preferable for identifying PTEN loss. This first necessitated that we establish a PTEN immunohistochemistry scoring system that can be applied clinically. The large cohort of both endometrioid and non-endometrioid endometrial carcinomas used has been carefully characterized as to tumor grade and histotype. Given that PTEN loss can occur through a variety of mechanisms in addition to mutations, we hypothesized that immunohistochemistry would outperform the sequencing analysis as a clinically applicable method to detect PTEN loss in endometrial carcinomas.

Materials and Methods {#S2}
=====================

Case Selection {#S3}
--------------

One hundred fifty-four consecutive cases of endometrial carcinoma with available fresh frozen tissue and formalin fixed, paraffin embedded tissue were retrieved from the tumor bank of the University of Texas M.D. Anderson Cancer Center Department of Pathology under the auspices of an institutional review board-approved protocol. By histotype, the study cohort was composed of 100 pure endometrioid carcinomas (6 FIGO grade 1, 78 FIGO grade 2, and 16 FIGO grade 3) and 54 non-endometrioid carcinomas consisting of 13 carcinosarcomas, 10 undifferentiated carcinomas, 4 clear cell carcinomas, 1 serous carcinoma, and 26 mixed carcinomas. Mixed carcinomas were designated as tumors with an endometrioid component and any amount of at least one other non-endometrioid histotype, including clear cell carcinoma, serous carcinoma, undifferentiated carcinoma, carcinoma with sarcomatoid features or carcinoma with neuroendocrine features. Among the 26 mixed endometrial carcinomas, 19 had a minor component of serous carcinoma. There is limited experience regarding the nature of mixed endometrial carcinomas composed of endometrioid and non-endometrioid components. The most studied combination has been that of endometrioid and serous histotypes. While the majority of studies have shown that the behavior of these tumors is similar to that of pure serous carcinoma, the cut-offs for the relative amount of serous carcinoma in a mixed tumor have been quite varied, ranging from ≥50% ([@R12]), ≥ 25% ([@R13], [@R14]) to \<10% ([@R15], [@R16]). Similarly, a few studies have shown that clear cell carcinoma in combination with endometrioid carcinoma confers a poor outcome ([@R16], [@R17]).

Sequencing Analysis {#S4}
-------------------

Genomic DNA was isolated from fresh frozen tumors using standard methods. Bidirectional sequencing of PTEN exons 1--8 was performed at the Human Genome Sequencing Center at Baylor College of Medicine using intron-based, exon-specific primers. PCR reactions were performed in 8 μl containing 10 ng of genomic DNA, 0.4 μM oligonucleotide primers, and 0.7× Qiagen® PCR HotStar Taq Master Mix containing buffer and polymerase. Cycling parameters were 95°-- 15 minutes, then 95° -- 45 seconds, 60° -- 45 seconds, and 72° -- 45 seconds for 40 cycles followed by a final extension at 72° for 7 minutes After thermocycling, 5 μl of a 1:15 dilution of Exo-SAP was added to each well and reactions incubated at 37°C for 15 minutes prior to inactivation at 80° for 15 minutes. Reactions were diluted by 0.6× and 2 μl were combined with 5 μl of 1/64^th^ Applied Biosystems® (AB) BigDye™ sequencing reaction mix and cycled as above for 25 cycles. Reactions were precipitated with ethanol, re-suspended in 0.1 mM EDTA and loaded on AB 3730XL sequencing instruments using the Rapid36 run module and 3xx base-caller. SNPs were identified using SNP Detector software. Identified mutations were verified by bidirectional re-sequencing of the original DNA sample. Sequencing of exon 9 for all tumors was performed at the University of Texas M.D. Anderson Cancer Center Molecular Diagnostics Laboratory. Two μl of DNA were used to amplify exon 9 of *PTEN* using M13-tagged published primers. Reaction mixtures of 50 μL contained 1 mM dNTPs, 2.5 mM MgCl2, 0.2 uM primers, 1.5 U Ampli-Taq Gold 360 Polymerase (Applied Biosystems) were amplified with the following PCR conditions: an initial 10-minute activation at 95°C followed by 40 cycles of 30 seconds at 95°C; 30 seconds at 50°C; 30 seconds at 72°C, and a final extension of 10 minutes at 72°C. PCR products were purified (Agencourt Ampure, Beckman Coulter) prior to being loaded on an ethidium bromide-stained agarose gel. Fluorescent-based automated cycle sequencing was performed by the dye-terminator method using a multi-capillary sequencer (ABI 3130 Genetic Analyzer; PE Applied Biosystems) according to manufacturer\'s protocol (BigDye Terminator v1.1 Ready Reaction Cycle Sequencing Kit; PE Applied Biosystems). Briefly, reaction tubes (total volume 20 μL) containing 100 ng of the purified PCR product, 3.2 pmol of either the sense or antisense M13 primer and 6 μL of the sequencing mixture were placed in a DNA thermal cycler and cycled for 25 cycles at 96°C for 10 seconds, 58°C for 5 seconds, 60°C for 4 minutes, and final hold at 4°C. Sequencing reactions were purified using the Qiagen DyeEx™ purification kit (Qiagen) as per manufacturer\'s protocol. The resulting data were analyzed by Seqscape software (PE Applied Biosystems).

Immunohistochemistry {#S5}
--------------------

Immunohistochemistry was performed on 4μm sections of formalin fixed, paraffin embedded tumors. Following deparaffinization and rehydration of the tissues sections, antigen retrieval was performed at 100 °C for 20 minutes with Tris-EDTA buffer, pH 6.0 (PTEN) or using microwave treatment in 10 mM citrate buffer, pH 6 (pS6). Endogenous peroxidase was blocked with 3% peroxide for 5 minutes. Primary PTEN antibody (Dako, clone 6H2.1) was applied at 1:100 dilution. Primary phospho-S6 Ribosomal Protein (Ser235/236) antibody (Cell Signaling) was applied at 1:50 dilution. Primary antibody detection was carried out using a polymer system (Bond Polymer Refine Detection, Leica). Staining development was achieved by incubation with DAB and DAB Enhancer (Leica for PTEN; Dako for pS6). The PTEN antibody was validated using nude mouse xenografts of a breast carcinoma cell line with a known *PTEN* mutation and xenografts of a breast cancer cell line with wild type *PTEN*.

PTEN immunohistochemistry was scored by two different pathologists (BD and RB) as positive, negative and heterogeneous. In all cases, stromal cells and blood vessels had intensely positive expression for PTEN and thus served as integral internal positive controls. Tumors considered positive showed diffuse positive cytoplasmic and nuclear staining in the majority (\>90%) of cells ([Figure 1A](#F1){ref-type="fig"}). Positive staining in tumor cells was comparable to that detected in normal stromal cells. Tumors with no or only rare cells staining (\<1%) were considered negative for PTEN ([Figure 1B](#F1){ref-type="fig"}). For all negative cases, the presence of positive staining stromal cells confirmed that the immunohistochemistry reaction was working. Tumors with distinctive positive and negative staining foci were designated as having a heterogeneous staining pattern ([Figure 1C](#F1){ref-type="fig"}). pS6 immunohistochemistry was scored as a percentage of tumor cells with positive cytoplasmic expression.

Statistical Analysis {#S6}
--------------------

Statistical analyses were performed using SPSS 17.0 (Chicago, IL). Statistical comparisons were carried out using the Fisher\'s exact test. A p-value of \<0.05 was considered statistically significant.

Results {#S7}
=======

An overview of *PTEN* sequencing and PTEN immunohistochemistry results is summarized in [Table 1](#T1){ref-type="table"}. More detailed sequencing ([Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}) and immunohistochemistry ([Tables 4](#T4){ref-type="table"}, [5](#T5){ref-type="table"} and [6](#T6){ref-type="table"}) data are provided in subsequent tables. As shown in [Table 1](#T1){ref-type="table"}, more endometrial carcinomas had loss of PTEN protein detected by immunohistochemistry (64%) than had a *PTEN* sequence abnormality (43%; p=0.0004). Endometrioid tumors had a significantly higher proportion of *PTEN* sequence abnormalities (51%) and PTEN protein loss by immunohistochemistry (75%) than non- endometrioid tumors (28% for sequencing, p=0.0064; 43% for immunohistochemistry, p=0.0001). Grade of endometrioid tumor did not significantly correlate with the likelihood of a *PTEN* sequence abnormality or PTEN protein loss being detected. Undifferentiated endometrial carcinomas have been previously shown to have a prognosis significantly worse than that of grade 3 endometrioid endometrial carcinoma ([@R18]). However, based on *PTEN* sequencing and PTEN immunohistochemistry, the undifferentiated tumors are more comparable to the endometrioid tumors ([Table 1](#T1){ref-type="table"}). The undifferentiated tumors had a significantly higher proportion of cases with PTEN sequence abnormality (60%) compared to the remainder of the cases in the non-endometrioid group (20%, p= 0.0199). Also, undifferentiated tumors had a significantly higher proportion of cases with PTEN protein loss (80%) compared to the remainder of the cases in the non-endometrioid group (20%, p=0.0125). Carcinosarcomas are known to have an aggressive clinical course, similar to that of uterine serous carcinoma. The carcinosarcomas had a notably lower proportion of cases with *PTEN* sequence abnormality (8%) than the remainder of the cases in the non-endometrioid group (34%, p=0.0830) and a significantly lower proportion of cases with PTEN protein loss (15%) compared to the remainder of the cases in the non-endometrioid group (51%, p=0.0277) ([Table 1](#T1){ref-type="table"}). Of the 13 carcinosarcoma cases, a PTEN mutation was detected in only one case. This case was scored as heterogeneous by immunohistochemistry. Mixed endometrioid-non-endometrioid tumors had a lower proportion of *PTEN* sequence abnormalities (31%) than pure endometrioid tumors (51%, p= 0.0794) and also a significantly lower proportion of PTEN protein loss (42%) than pure endometrioid tumors (75%, p=0.0037).

PTEN sequencing revealed a wide variety of different sequence abnormalities detected ([Table 2](#T2){ref-type="table"}). Endometrioid tumors had a comparatively higher proportion of missense mutations (p=0.0088) and frameshift deletions (p=0.0606) than the non-endometrioid tumors. The non- endometrioid tumors did not have any significant association with any particular *PTEN* sequence abnormality. Endometrioid tumors and non-endometrioid tumors had a comparable average number of *PTEN* sequence abnormalities per case (1.4 and 1.3, respectively). From a total of 89 *PTEN* sequence abnormalities, only 6 (6.7%) were homozygous, while the remainder was hemizygous.

[Table 3](#T3){ref-type="table"} summarizes the *PTEN* sequence abnormalities by exon for the endometrioid and nonendometrioid carcinomas. Overall, at least one *PTEN* sequence abnormality was detected in each exon, and the greatest number of sequence abnormalities was detected in exon 8. Endometrioid tumors had a significantly higher frequency of sequence abnormalities in exon 7 than did the non-endometrioid tumors (p=0.0199). The presence of sequence aberrations across all exons highlights the impracticality of focused sequencing efforts on just one or a few exons to evaluate tumors clinically.

[Table 4](#T4){ref-type="table"} summarizes the results of 3-tiered PTEN immunohistochemistry scoring in the endometrioid and non-endometrioid carcinomas. More PTEN positive cases were observed in the non-endometrioid group. The percentages of endometrioid and non-endometrioid tumors with the heterogeneous pattern were comparable (18% and 17%, respectively). A significantly greater percentage of cases with immunohistochemical PTEN loss (negative and heterogeneous scored cases combined) was detected in endometrioid carcinomas (75%) compared to the non-endometrioid carcinomas (43%; p= 0.0001).

We observed two general patterns of heterogeneous PTEN expression; a geographic pattern containing large and well demarcated positive and negative areas ([Figure 2, A and B](#F2){ref-type="fig"}), and a focal pattern, where the majority of the tumor is PTEN negative, with focal, less well-demarcated areas of positive staining ([Figure 2, C and D](#F2){ref-type="fig"}). The nature of the PTEN immunohistochemistry heterogeneous cases is uncertain. A trivial explanation for this group is that it represents uneven immunohistochemical staining in tumor sections that may not have undergone optimal histological processing. There are several arguments against this explanation, however. One, in these heterogeneous cases, we uniformly observed very strong, positive PTEN immunohistochemical expression in adjacent stromal cells and blood vessels. Second, collaborators at Memorial Sloan-Kettering Cancer Center have observed an identical staining pattern when using the same PTEN antibody ([@R19]). Finally, activation of the PI3K-AKT pathway, such as occurs with PTEN protein loss, results in elevated levels of pS6 ([@R20]). Accordingly, the PTEN negative tumors had significantly higher pS6 scores compared to the PTEN positive tumors (p=0.037) ([Figure 3](#F3){ref-type="fig"}). Endometrial carcinomas with a heterogeneous PTEN immunohistochemistry staining pattern have an intermediate level of pS6 compared to PTEN positive and negative tumors ([Figure 3](#F3){ref-type="fig"}). pS6 immunohistochemistry scores in relation to PTEN immunohistochemistry and *PTEN* sequence abnormalities are presented in [Table 5](#T5){ref-type="table"}. The mean pS6 immunohistochemistry score was comparable between the groups which had no *PTEN* sequence abnormalities (mean = 46.7%) compared to the group in which *PTEN* sequence abnormalities were detected (mean = 36.0%). Note that in both the *PTEN* mutant and *PTEN* wild-type groups, mean pS6 is highest in the tumors with negative PTEN immunohistochemistry.

[Table 6](#T6){ref-type="table"} provides a direct comparison of immunohistochemistry and sequencing. In 89% of the cases with a detected *PTEN* sequence abnormality, PTEN protein loss was identified by immunohistochemistry (22% heterogeneous and 67% negative). However, the absence of a *PTEN* sequence abnormality was corroborated by positive expression of PTEN by immunohistochemistry in only 56% of cases. In other words, in 44% of the tumors in which no *PTEN* sequence abnormality was detected, immunohistochemistry identified partial (14% heterogeneous scored cases) or complete (30% negative scored cases) PTEN protein loss. Thus, when compared head-to-head, immunohistochemistry identifies more endometrial carcinomas with PTEN loss, and this correlates with pathway activation, at least as indicated by pS6 staining.

Discussion {#S8}
==========

Endometrial cancer is the most prevalent malignancy of the gynecologic tract in the developed world. While patients with early stage disease and tumors of endometrioid histotype tend to have a good prognosis, patients with non-endometrioid tumors or recurrent endometrioid tumors do not respond well to conventional chemotherapy and have poor outcomes. The PI3K-AKT pathway is frequently activated in endometrial carcinoma, often in part due to functional PTEN loss. Therefore, accurate identification of this aberration is an important component of patient triage and selection in order to achieve optimal therapeutic benefit from targeted agents. Given the limited life expectancy of endometrial cancer patients being considered for targeted therapies, the laboratory tools used to gauge potential eligibility of targeted therapy must therefore be not only accurate, but inexpensive and accessible, as well as simple, reproducible, and able to be performed in a narrow time window.

Other key components of the PI3K-AKT pathway, such as AKT ([@R21]) or PI3K ([@R22], [@R23]), are altered primarily by mutation, resulting in pathway activation. In contrast, loss of PTEN may be due to gene mutations, gene methylation ([@R24], [@R25]), and a variety of other causes including abnormalities in *PTEN* post-transcriptional regulation, actions of micro RNAs, as well as due to aberrant mechanisms of PTEN protein stability and degradation ([@R2]). While immunohistochemistry would seem to be the best method to assess functional PTEN loss in endometrial tumors, it has historically been considered as having somewhat poor reproducibility ([@R26]--[@R33]). This has, in large part, been due to inconsistent performance of one PTEN antibody compared to another, as well as the variation of scoring systems between studies. However, we have recently shown that the 3-tiered PTEN immunohistochemical scoring system summarized in this study is highly reproducible ([@R19]) and that PTEN immunohistochemistry scores are concordant with reverse phase protein lysate array results in 93% of cases ([@R23]). In the current study, 64% of all endometrial carcinomas had PTEN protein loss demonstrated by immunohistochemistry. In comparison, *AKT* mutations have been identified in only 2%--4% of endometrial carcinomas ([@R21], [@R34]), and *PIK3CA* mutations in 24--52% of endometrioid endometrial tumors ([@R22], [@R35], [@R36]) and 15%--33% non-endometrioid endometrial tumors ([@R22], [@R37]). Therefore, adding PTEN immunohistochemistry to the clinical evaluation of these tumors would allow for the identification of more endometrial cancer patients with activation of the PI3K-AKT pathway; importantly, these are patients who might be potentially responsive to treatment with PI3K pathway inhibitors. The importance of such accurate patient identification is underscored by the fact that it has recently been demonstrated that patients with advanced cancers with *PIK3CA* mutations have better response to pharmacological inhibitors of PI3K/AKT/mTOR([@R38]).

There is presently no standardized system for PTEN immunohistochemistry interpretation. Some investigators have used the histologic score (H-score) ([@R9]), a complex semi-quantitative scoring method. We developed a scoring system that reflected the intrinsic nature of the staining patterns we were observing empirically with this antibody. Upon a thorough review of the literature, we found that one group ([@R29], [@R30], [@R33]) used a similar positive-negative-heterogeneous scoring system, although with a different PTEN antibody. Whereas the positive and negative PTEN immunohistochemistry categories are self-explanatory, the biological nature of the PTEN heterogeneous tumors is currently not known. There is no mouse model or cell line model that recapitulates this heterogeneous expression pattern. Whether this pattern is representative of subclones within the tumor or of differential post transcriptional regulation is not known. However, PTEN protein loss even in a portion of the tumor may mean that a patient could potentially derive some benefit from PI3K-AKT pathway inhibitors. Interestingly, in our study, the PTEN heterogeneous group had higher expression of pS6 than did the PTEN positive group ([Figure 3](#F3){ref-type="fig"}). Future correlation with molecular analyses and clinical outcomes may help to clarify the significance of these results. It is also important to note that, while this simple scoring system seems appropriate for endometrial carcinoma, it may not be applicable to other tumors from other organ systems. Molecular regulation mechanisms of PTEN protein expression in other tissue types may be different from that in the endometrium, potentially resulting in different immunohistochemical staining patterns. Finally, our study highlights the importance of the use of whole tissue sections, rather than tissue microarrays, in evaluation of PTEN immunohistochemical expression. Cores in tissue microarrays may contain insufficient internal positive control stroma, and tissue microarray cores may be too small to capture both the positive and negative portions of the tumor, particularly in the case of geographic pattern of heterogeneous PTEN immunohistochemical expression ([Figure 2, A and B](#F2){ref-type="fig"}).

While many studies in the past have examined either *PTEN* sequence abnormalities ([@R3], [@R4], [@R8], [@R39]) or PTEN expression by immunohistochemistry ([@R26], [@R27], [@R29]--[@R33], [@R40]), our study is the first to date to provide detailed information on the correlation of PTEN immunohistochemistry with *PTEN* sequence abnormalities and tumor histotype. In terms of correlation of the PTEN immunohistochemistry and *PTEN* sequence analysis results, both testing modalities detected significantly more frequent PTEN loss in endometrioid tumors relative to the non-endometrioid tumors ([Table 1](#T1){ref-type="table"}). However, for both the endometrioid and non-endometrioid groups, immunohistochemistry detected a substantially greater proportion of cases with PTEN loss than did the sequencing analysis. Overall, of the tumors in which *PTEN* sequence abnormality was not detected, 44% had partial (heterogeneous score) or complete (negative score) PTEN loss by immunohistochemistry ([Table 6](#T6){ref-type="table"}). The prevalence of sequence abnormalities in our study (43%) is comparable to that of 34--55% in the published literature ([@R3], [@R4]). By histotype, we found that *PTEN* mutations occurred more frequently in endometrioid-type endometrial carcinomas (51%) compared to non-endometrioid carcinomas (28%). Similarly, Tashiro et al.([@R41]) found *PTEN* mutations in 50% of the endometrioid subtype and no *PTEN* mutations in the serous subtype. Risinger et al. ([@R42]) identified *PTEN* mutations in 37% of endometrioid carcinomas and in only 5% of serous/clear cell endometrial carcinomas. Sun et al. ([@R43]) detected *PTEN* mutations in 26% of the endometrioid subtype and no *PTEN* mutations in the serous subtype. Finally, Rudd et al. ([@R22]) identified *PTEN* mutations is as many as 79% endometrioid carcinomas and 11% of non-endometrioid (serous and clear cell) carcinomas.

The PTEN status of non-endometrioid endometrial tumors such as undifferentiated carcinoma, carcinosarcoma, and mixed endometrial carcinomas has not been previously reported. It is interesting to note that mixed carcinomas (all of which had an endometrioid component) as a group contained a lower proportion of *PTEN* sequence abnormalities and PTEN protein loss relative to the pure-endometrioid group, but a higher proportion of the same relative to the remainder of cases in the non-endometrioid group. Undifferentiated carcinomas showed an even more dramatic rate of *PTEN* sequence abnormalities and PTEN protein loss compared to the other members of the non-endometrioid group. Therefore, while non-endometrioid tumors are generally thought of as having infrequent PTEN abnormalities, our results suggest that mixed endometrial carcinomas and undifferentiated endometrial carcinomas in particular should not be excluded from clinical testing for PTEN loss.

Of further interest is the fact that the vast majority (94%) of detected *PTEN* sequence abnormalities in our study were hemizygous and yet resulted in either partial or complete PTEN protein loss by immunohistochemistry. Similar observations have been made in other studies of endometrial cancer, as well as in hematologic malignancies ([@R44]) and breast cancer ([@R45]). A possible explanation for this is that sequence abnormalities alone do not account for all cases of PTEN protein loss in tumors. Rather, epigenetic mechanisms, such as promoter methylation, micro RNAs or increased protein degradation in the hemizygous state may also regulate PTEN expression. *PTEN* promoter methylation has been observed in approximately 19% of endometrial cancers ([@R46]). In addition, recent studies in non-small cell lung cancer ([@R47]) and hepatocellular carcinoma ([@R48]) have found that miRNA −21 post-transcriptionally down-regulates the expression of PTEN.

In summary, for the first time, we demonstrate a detailed correlation between *PTEN* sequencing abnormalities and PTEN immunohistochemistry. PTEN immunohistochemistry is able to identify the majority of cases with genetic PTEN loss *and* also detects additional cases with functional PTEN loss otherwise undetected by mutational analysis. In particular, mixed carcinomas and undifferentiated carcinomas have relatively frequent loss of PTEN. In addition, compared to *PTEN* full-length sequencing, PTEN immunohistochemistry is quicker, less costly and labor intensive and requires routinely obtained formalin-fixed, paraffin-embedded tissues. Finally, we propose a simple scoring system for PTEN immunohistochemistry, which may act as a primer for correlating PTEN levels of expression in endometrial tumors with patient response to PI3K/AKT/mTOR inhibitors.
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![(a) Positive immunohistochemistry for PTEN. Diffuse cytoplasmic staining is present in the majority (\>90%) of tumor cells. (b) Negative immunohistochemistry for PTEN. No or only scattered tumor cells (\<1%) have cytoplasmic staining. Note stromal cells serve as positive internal control. (c) Heterogeneous immunohistochemistry score for PTEN. Heterogeneous tumors have distinct positive and negative foci. All photomicrographs 20×.](nihms-337713-f0001){#F1}

![Representative photomicrographs of different patterns of PTEN heterogeneous immunohistochemistry. (A and B) Geographic pattern of PTEN heterogeneous immunohistochemical expression. In A, the portion of the tumor to the right of the black line represents a large area that is negative for PTEN immunohistochemistry, while the area to the left is positive for PTEN immunohistochemistry. A higher magnification of the positive-negative interface is shown in B. For the geographic pattern, the interface between the positive and negative areas is typically sharp and abrupt. (C and D) Focal pattern of PTEN heterogeneous immunohistochemical expression. In this case, the vast majority of the tumor is PTEN negative. D represents a higher magnification view of the area outlined by the rectangle in C. In D, it is clear that small foci of the tumor are immunohistochemically positive for PTEN (arrowheads), while a large, irregular malignant gland immediately adjacent is PTEN negative (asterisks in gland lumen). Note that in this pattern, the interface between PTEN positive and negative areas is more subtle. Note also that the intervening tumor stroma has uniformly strong PTEN staining throughout the tumor. A and C, 4×; B and D, 20×.](nihms-337713-f0002){#F2}

![Percentage of immunopositive tumor cells for phosphorylated S6 in PTEN negative, heterogeneous, and positive groups. Rectangular bars represent the 25^th^, 50^th^ (median), and 75^th^ percentiles, while the whiskers represent the range. There was a significant (p=0.037) difference in the percentage of pS6 positive tumor cells between the PTEN negative and positive tumors.](nihms-337713-f0003){#F3}

###### 

An overview of the relationship of *PTEN* sequencing results and PTEN status by immunohistochemistry according to histological tumor type and grade.

  Tumor Histotype and Grade (n)   *PTEN* Sequence Abnormality Detected n(%)   PTEN Protein Loss by Immunohistochemistry n(%)^[1](#TFN1){ref-type="table-fn"}^
  ------------------------------- ------------------------------------------- ---------------------------------------------------------------------------------
  All cases (154)                 66 (43%)                                    98 (64%)
   Endometrioid (100)             51 (51%)                                    75 (75%)
    Grade 1 (6)                   2 (33%)                                     4 (67%)
    Grade 2 (78)                  38 (49%)                                    62 (79%)
    Grade 3 (16)                  11 (69%)                                    9 (56%)
   Non-endometrioid (54)          15 (28%)                                    23 (43%)
    Mixed (26)                    8 (31%)                                     11 (42%)
    Undifferentiated (10)         6 (60%)                                     8 (80%)
    Carcinosarcoma (13)           1 (8%)                                      2 (15%)
    Clear Cell (4)                0 (0%)                                      2 (50%)
    Serous (1)                    0 (0%)                                      0 (0%)

Immunohistochemical loss of PTEN protein included tumors scored as negative and heterogeneous.

###### 

Detailed *PTEN* sequencing results according to tumor histological type.

                                                                                            ENDOMETRIOID   NON-ENDOMETRIOID                         
  ----------------------------------------------------------------------------------------- -------------- ------------------ -------- ---- ------- --------
  Insertions and deletions                                                                  32             32.0%              45.7%    10   18.5%   52.6%
                                                                                                                                                    
  4 amino acid deletion                                                                     1              1.0%               1.4%     0    0.0%    0.0%
  1 amino acid deletion                                                                     1              1.0%               1.4%     0    0.0%    0.0%
  Exon boundary, insertion                                                                  0              0.0%               0.0%     1    1.9%    5.3%
  Exon boundary, deletions                                                                  1              1.0%               1.4%     0    0.0%    0.0%
  Frameshift, insertion                                                                     9              9.0%               12.9%    5    9.3%    26.3%
  ^[3](#TFN4){ref-type="table-fn"}^Frameshift, deletion[\*\*](#TFN6){ref-type="table-fn"}   20             20.0%              28.6%    4    7.4%    21.1%
                                                                                                                                                    
  Point Mutations                                                                           38             38.0%              54.3%    9    16.7%   47.4%
                                                                                                                                                    
  ^[3](#TFN4){ref-type="table-fn"}^Missense mutation[\*](#TFN5){ref-type="table-fn"}        25             25.0%              35.7%    4    7.4%    21.1%
  Nonsense mutation                                                                         10             10.0%              14.3%    4    7.4%    21.1%
  Splice region point mutation                                                              2              2.0%               2.9%     1    1.9%    5.3%
  Splice site point mutation                                                                1              1.0%               1.4%     0    0.0%    0.0%
                                                                                                                                                    
  All sequence abnormalities                                                                70             70.0%              100.0%   19   35.2%   100.0%

51 endometrioid tumors in the study had a total of 70 sequence abnormalities for an average of 1.4 sequence abnormalities per case.

15 non-endometrioid cases in the study had a total of 19 sequence abnormalities for an average of 1.3 sequence abnormalities per case.

Endometrioid tumors had a significantly higher frequency of

missense mutations (p=0.0088) than the non-endometrioid tumors and showed a trend toward a higher frequency of

frameshift deletions (p=0.0606).

###### 

Summary of *PTEN* exon sequence abnormalities (insertions, deletions, and point mutations) and endometrial carcinoma type.

                                                 ENDOMETRIOID   NON-ENDOMETRIOID                         
  ---------------------------------------------- -------------- ------------------ ---- ----------- ---- ---
  **Exon 1**                                     9 (12.9%)      5                  4    5 (26.3%)   2    3
  **Exon 2**                                     2 (2.9%)       0                  2    0 (0%)      0    0
  **Exon 3**                                     2 (2.9%)       0                  2    0 (0%)      0    0
  **Exon 4**                                     1 (1.4%)       0                  1    1 (5.3%)    1    0
  **Exon 5**                                     12 (17.1%)     4                  8    4 (21.1%)   1    3
  **Exon 6**                                     10 (14.3%)     5                  5    0 (0%)      0    0
  ^[1](#TFN7){ref-type="table-fn"}^ **Exon 7**   14 (20.0%)     10                 4    1 (5.3%)    1    0
  **Exon 8**                                     16 (22.9%)     7                  9    5 (26.3%)   3    2
  **Exon 9**                                     0 (0%)         0                  0    1 (5.3%)    1    0
  **Exon 3 boundary**                            1 (1.4%)       1                  0    0 (0%)      0    0
  **Exon 8 boundary**                            0 (0%)         0                  0    1 (5.3%)    1    0
  **Splice region 6/7**                          2 (2.9%)       0                  2    1 (5.3%)    0    1
  **Splice region 7/8**                          1 (1.4%)       0                  1    0 (0%)      0    0
                                                                                                         
  **All**                                        70             32                 38   19          10   9

Exon 7 sequence abnormalities were significantly more common in endometrioid carcinomas compared to the non-endometrioid group (p=0.0199).

###### 

Relationship between PTEN immunohistochemistry and tumor histology.

  Immunohistochemistry Score   Endometrioid n (%)   Non-Endometrioid n (%)
  ---------------------------- -------------------- ------------------------
  Positive                     25 (25%)             31 (57%)
  Loss                         75 (75%)             23 (43%)
  Heterogeneous                18 (18%)             9 (17%)
  Negative                     57 (57%)             14 (26%)
                                                    
  All Cases                    100                  54

###### 

Mean percentage of tumor cells positive for pS6 in relation to PTEN immunohistochemistry (IHC) and sequencing results

                                                 PTEN IHC Positive   PTEN IHC Heterogeneous   PTEN IHC Negative   All cases
  ---------------------------------------------- ------------------- ------------------------ ------------------- -----------
  ***PTEN* Sequence Abnormality Detected**       15%                 18.5%                    45.8%               36.0%
                                                                                                                  
  ***PTEN* Sequence Abnormality Not Detected**   31.5%               46.2%                    55.0%               46.7%
                                                                                                                  
  **All cases**                                  30.4%               34.3%                    51.3%               42.9%

###### 

Relationship between PTEN immunohistochemistry and *PTEN* sequencing.

  Immunohistochemistry Score   Sequence Abnormality Detected n (%)   Sequence Abnormality Not Detected n (%)
  ---------------------------- ------------------------------------- -----------------------------------------
  Positive                     7 (11%)                               49 (56%)
  Loss                         59 (89%)                              39 (44%)
  Heterogeneous                15 (22%)                              12 (14%)
  Negative                     44 (67%)                              27 (30%)
                                                                     
  All Cases                    66                                    88

[^1]: Current address: Department of Pathology and Laboratory Medicine, University of Ottawa, The Ottawa Hospital, Ottawa, Ontario, Canada

[^2]: Current Address: Department of Medical Oncology, Beaumont Hospital and Royal College of Surgeons in Ireland, Dublin, Ireland
